This paper developed a generalised theory to model the dynamics of an integrated ship propulsion 15
Introduction 29
With fast development of ship sizes, dynamic interactions between ship hulls and engine propulsion 30 systems have been playing more and more roles for safety operations of ships. For the type of small 31 ships, the hull deformations excited by wave loads have no obvious effects on the operation of engine 32 3 61 Fig. 1 shows an integrated ship propulsion unit-large hull-water interaction system studied in this 63
Governing equations of integrated interaction system 62
paper. This system consists of a flexible hull structure of mass density  s , body force 
98
We assume that the ship is in its stable equilibrium motion with a constant velocity on the water. 99
The propulsion shaft unit has been mounted on the hull in a good alignment state (Shaft alignment, 100 2000; Leontopoulos, 2006) . We are interested in the dynamic responses added on the equilibrium 101 motion state of the system, which is caused by extra external forces, such as waves and earthquakes. 102 Therefore, the coordinate system 
As explained in Fig. 3 , the engine moving parts produce a restoring moment E m about point E A to 145 restrict the shaft rotation, which can be calculated by a rotation stiffness E k of engine in the form 
Considering the propeller effect in direction 
Ship hull 171
Using the interaction forces between the propulsion unit and the hull given in section 2.1, and linear 172 theory of elasticity, we can now derive the governing equations describing the hull dynamics in this 173 interaction system as follows. 174 
(11) 184
Boundary conditions 185
given acceleration:
given traction: 
We can write this equation in a matrix form 195
The corresponding boundary conditions (12) in a matrix form are as follows 197
given acceleration: , w w  (14-2) 198 given traction:
Fluid domain 200
The water motion is described by a dynamic pressure relative to the stationary travel state where 201 this dynamic pressure vanishing. The wave equation and boundary conditions for water domain are 202 given as follows (Xing, 1991 
On infinity boundary ,   the dynamic pressure can be set to zero since the disturbance cannot 210 transmitted to infinity due to practical damping, or to Sommerfeld radiation condition implying waves 211 transmitting to infinity without any reflections (Xing, 2007; Xing, 2008 
Propulsion unit 220
The motion of the propulsion unit is investigated in the shaft system 
Eqs. (18)- (21) are rewritten in a matrix form 232
In this equation, the third and fourth terms represent the interactions of propulsion unit with the hull 234 and the water, respectively.
235

Propeller shaft-water interaction interface 236
Assume that 
Variational formulation 242
In order to construct a numerical model for the coupling system, we need to establish a variational 243 formulation of which the stationary conditions cover all of the governing equations presented above. 244
Based on the generalised variational principles developed by Xing et al Xing, 1996) , we 245 can construct the following functional, 246
In this functional, the acceleration in solids and the pressure in fluids are taken as the variables. The 248 functional is subject to the constraints given in Eqs. (9), (11), (14-2), (16-2) as well as the imposed 249
at the two time terminals t 1 and t
. The stationary conditions of the
250
functional given in Eq. (24) are described in Eqs. (14), (15), (16-1,3), (17), (22) and (23). 251
Substructures and their mode functions 252
To establish a numerical model to investigate the dynamics of the integrated coupling system 253 governed by the functional (24), we need to find some Ritz functions to represent the motion of the 254 system. For this purpose, we divide the integrated system into two solid substructures Xing, 255 1986; Craig et al, 1986; Xing, 1983) (a hull and a shaft) and a fluid domain (Xing, 1996) . We derive the 256 natural frequencies and mode functions of each substructure / domain as follows. These mode functions 257 will be chosen as Ritz functions to span a subspace in which the motion of substructure / domain is 258 described. 259
Hull substructure and its mode functions 260
The free-free dry hull with no the shaft system is considered as the hull substructure of which the 261 equation for the natural vibrations with no any external forces are derived from equation (14)
This is an eigenvalue problem from which the I-th natural frequencies I  and the corresponding 
Generally, the first n natural frequencies and modes can be solved by finite element method and 275 corresponding computer code. Introducing the eigen-matrices of the hull 276
which is used as a generalised coordinate frame to describe the motion of the hull. We represent the 278 displacement of the hull in the form 279
where q called as the generalised coordinate vector that is a time function. 
Propulsion unit substructure and its mode functions 282
The free-free propulsion shaft with its attached disks, propeller and etc is considered as a substructure 283 of which the equations for the natural vibrations with no any external forces are derived from Eq. (22), 284
Also, this is an eigenvalue problem from which the I-th natural frequencies 
Pre-multiplying equation (33) 
Here, 
Introducing the eigen-matrices of the first N natural frequencies and corresponding modes for shaft 298
which is used as a generalised coordinate frame to describe the motion of the shaft. We represent the 301 displacement of the shaft in the form 302
where Q called as the generalised coordinate vector that is a time function. 304
Water domain and its mode functions 305
The water is considered as a subdomain of which the natural vibration is governed by the following 306 equations derived from Eq. (15) 
Here, we consider the incident wave is given by a boundary acceleration so that 0 
Pre-multiplying Eq. (40) by Green theorem, we obtain 315
Introducing the eigen-matrices of the first ñ natural frequencies and corresponding modes fort the 320 water 321
which is used as a generalised coordinate frame to describe the motion of the water. We represent the 323 dynamics pressure of the water in the form 324
where q is a time function and called as the generalised coordinate vector of the fluid
326
For practical complex ship structures and fluid domains, the mode functions can be derived using 327 finite element methods (Bathe, 1983; Zienkiewicz, 1991) . The developed computer code for fluid-328 structure dynamic analysis can provide a mean to complete these calculations . 
from which, when integrating by parts and vanishing the two time terminal variations, it follows 339 
Dynamic interaction analysis of the coupling system 355
Based on the equations developed in section 5, we can now carry on a numerical analysis of the 356 dynamic interaction of the integrated system. We are more interested in the effect of the hull motion 357 on the propulsion system, so that we define some parameters to measure it. 
derived by vanishing the left side force vector in Eq. (51). Mathematically, this is an eigenvalue 363 problem, which can be solved using some well-designed software. There might exist zero frequency 364 of this problem, therefore the frequency shift technique should be used to obtain the solutions (Xing, 365 1991; Xing, 1996) . 
Shaft frequency factors. To obtain the shaft motion as smaller as possible, we need to avoid the 372 natural frequency of the shaft substructure far from the natural frequencies of the integrated system. 373
To measure this, we define the shaft frequency factors 374 
Physically, these components represent the hull displacement, the shaft displacement and the water 387 pressure for the I-th mode of the integrated system. 388
Involving the propulsion shaft unit, we wish the deformation of the shaft relative to the hull motion 389 would be small, so that the deformation of the shaft unit in the I-th mode of the integrated system is 390 Considering all modes, we define the shaft relative motion factor vector 398
To design a more suitable arrangement of the propulsion shat unit, we need to choose a smaller 400 value of the shaft relative motion factor vector, i.e. 401
The smallest shaft relative motion factor vector cannot be zero, because the elastic shaft is 403 supported by elastic bearings, so that the relative motion of the elastic shaft does not vanish. Eq. (56) 404 and Eq. (62) provide two parameters to measure the dynamic coupling level of the shat unit and the 405 hull structure from the natural vibrations. 406
Dynamic responses 407
Mode summation solution. The dynamic responses of the integrated can be calculated by solving Eq. 408 (51). The mode summation method provides a fast way to obtain the solution of Eq. (51). We denote 409 the dynamic response of the integrated system in a mode summation form 410
from which, when substituted into Eq. (51) using the orthogonal relationships (55), it follows 412
which consists of n N n  independent dynamic equations describing the dynamic responses of 414 the integrated system excited by the external forces. To consider practical damping effect, we 415 introduce the damping matrix as follows (Bathe, 1996) 416
where the coefficients  and  can be determined by using available practical experiment / 418 experience data. The dynamic equation including damping effect is now written as 419
The equation for the I-th independent mode is written as 421
Generally, this equation can be solved using a time integration method (Bathe, 1983 (   21  23  21  11  13  11   21  23  21  11  13  11   21  23  21  11  13 
Here, in Eq. (75-3), the integrations with respect to non-dimensional length  involve Delta functions 482 to be non-dimensional, and therefore the resultant matrices have dimension of stiffness. 
Natural vibration 525
Based on the above parameters, we obtain the natural frequencies and the corresponding natural 526 modes of the system and the shaft deformation factors as listed in Table 1 . In these modes, the first 527 one with a zero frequency is a constant pressure mode of the water for the interaction system. As 528 indicated by the data above, in the frequencies of three subsystems: water, hull and shaft, the 529 frequencies of the water domain are lowest and the shaft ones are highest, while the hull ones are in 530 the middle. Therefore, in the frequencies of the integrated interaction system given in Table 1 , the first 531 5, middle 5 and last 5 ones are near to the ones of water domain, hull and shaft substructures, 532 respectively. As shown in Fig. 7 , the mode 8 of non-dimensional frequency 1.0106 corresponds to the 533 hull first elastic mode while the mode 11 of frequency 10.2291 is near to the shaft first elastic bending 534 mode for which the corresponding the shaft frequency factors are calculated in Table 1 . For the mode 535 11, the shaft frequency factor is 1.365 near to the frequency of integrated mode 11, and the 536 corresponding shaft relative motion factor also takes a big value, which results that in this integrated 537 mode of the system, there exists very large deformation of the shaft. It is also shown the big values of 538 shaft relative motion factors for modes 12~15 but the frequency factors are very low, so that the shaft 539 deformation is not large. Since the natural frequency is higher than 37, the base motions are quite low 540 as indicated in Fig. 8 . 541 shat first bending deformation, mode 11 in Table 1 and its mode shape shown by the right figure in 566 Fig. 7. Fig. 11 shows the shaft twist peaks at frequencies 1.011 and 10.23, which correspond to the 567 hull first bending mode and the shaft first bending mode shown in Fig. 7 , respectively. The calculated 568 results demonstrate that the defined shaft motion parameters can provide useful information for safety 569 shaft design in huge ships. 570 
Conclusion & discussion 581
The developed integrated theory and the corresponding numerical model can provide a useful mean 582 for large ship -propulsion system designs considering the engine safety operations. As an example, a 583 2-D numerical model gives the numerical results to illustrate the applications of the proposed 584 numerical approach, which can be extended to the complex case for practical designs. 585
